We recently demonstrated that renin angiotensin system (RAS) overactivity during late gestation in rats is associated with increased kidney and urine levels of Ang-(1-7) and enhanced kidney immunostaining of angiotensin-(1-7) [Ang-(1-7)] and angiotensin converting enzyme 2 (ACE2). To understand the temporal-spatial changes in normal and hypertensive pregnancies, the renal distribution of Ang-(1-7) and ACE2 in association with kidney angiotensin peptides and ACE2 activity was examined in virgin, normal pregnant (NP; gestational days 5, 15, 19) and reduced uterine perfusion pressure (RUPP at day 19) pregnant Sprague Dawley rats. Ang- (1-7) and ACE2 immunocytochemical staining increased 1.8 and 1.9 fold and 1.7 and 1.8 fold respectively, at days 15 and 19 of NP as compared to virgin rats. Ang-(1-7) and Ang II concentrations were increased in the kidney at 19 days of gestation. ACE2 activity measured using a fluorescent substrate was increased 1.9 and 1.9 fold in the cortex and 1.9 and 1.8 fold in the medulla at days 15 and 19 of NP. In the RUPP animals, Ang-(1-7) immunostaining and concentration were significantly decreased as compared to 19 day NP. ACE2 activity was unchanged in the cortex and medulla of RUPP rats. In conclusion, during NP the concurrent changes of ACE2 and Ang-(1-7) suggest that ACE2 plays an important role in regulating the renal levels of Ang-(1-7) at mid to late gestation. However, the decrease in renal Ang-(1-7) content in the absence of a concomitant decrease in ACE2 implicates the participation of other
INTRODUCTION
animals were briefly anesthetized (less than 5 minutes) with isoflurane and were injected with 0.2 mL of 0.5% Evans blue dye (Sigma Chemical Company, St. Louis, MO) by heart puncture to confirm pregnancy by visualization of implantation sites after sacrifice (6) . The animals quickly recovered from anesthesia and 15 minutes later were sacrificed. Brief anesthesia did not change plasma levels of Ang II (33.5+3.2 vs 30.1+3.0 pmol/L,p>0.05 n=16/group)) and Ang-(1-7) (57.1+7.0 vs 68.6+3.2 pmol/L,p>0.05, n=23/group) in unanesthetized virgin vs 5 day pregnant rats respectively. This unchanged level of plasma angiotensin peptides between virgin and 5 day pregnant indicates that the increase in tissue Ang-(1-7) at day 5 as compared to virgin (Figure 4) was likely attributable to pregnancy and not due to the short-term anesthetic effect. Animals assigned to the 19 day normal pregnant and RUPP groups were anesthetized with isoflurane and were either sham-operated or prepared for reduced uterine perfusion pressure surgery on the 14 th day of pregnancy, as previously described (1) (14) . Briefly, a silver clip (0.203mm) was placed around the descending aorta just above the bifurcation and two silver clips (0.221mm) were placed around branches of both the right and left ovarian arteries. Metabolic studies, consisting of 24h urine collection as a measure kidney function, were completed on day 17-18 of pregnancy for RUPP and sham animals. On the 18 th day of pregnancy, animals were anesthetized briefly (less than 15 minutes) with isoflurane and a cannula was placed in the carotid artery of RUPP and sham pregnant animals. On day 19 of pregnancy, blood pressure was recorded (BIOPAC Systems, Inc. Goleta, CA) in conscious animals. A subgroup of 19 day unoperated pregnant animals was included to evaluate the effects of the surgery and anesthesia on components of the RAS. Comparison of the data from sham operated and unoperated 19 day normal pregnant rats showed no differences in regard to kidney angiotensin peptides, plasma renin concentration (PRC), ACE2 activity, urine volume, or body weight (online supplement). Because of this
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finding the data of the unoperated and sham operated 19 th day groups were combined. RUPP rats in which the clipping procedure resulted in maternal death or total reabsorption of the fetuses were excluded from the study.
To confirm that virgin animals were in diestrus and to observe hormonal changes throughout pregnancy, trunk blood was collected in tubes containing no inhibitors for measurement of serum 17K-estradiol by radioimmunoassay (Polymedco Inc, Cortlandt Manor, NY). The kidneys were rapidly removed and fixed in 4% paraformaldehyde for 24 hours for immunocytochemistry and histological examination by hematoxylin and eosin staining or quick frozen on dry ice for peptide and enzymatic measurements.
Immunocytochemistry
Kidney tissue was embedded in paraffin and 5-Mm sections were obtained. Serial sections were obtained for cellular colocalization studies of Ang-(1-7) and ACE2.
Immunocytochemical analysis was completed as described previously (5), using the avidinbiotin method. Kidneys from animals from different groups were processed in parallel. The primary antibodies used were an affinity-purified rabbit polyclonal antibody to Ang-(1-7) and a rabbit polyclonal antibody to ACE2 produced by our laboratory at dilutions of 1:25 and 1:150, respectively in 1% BSA. The secondary antibody used was biotinylated goat anti-rabbit diluted 1:400 (Vector Laboratories, Burlingame, CA). Sections were stained brown with 3'3 diaminobenzidine in Tris-buffered saline (0.05mol/L, pH 7.6-7.7). To validate staining, the primary antibodies for Ang-(1-7) and ACE2 were eliminated or were assessed by the pre absorption with 10 Mmol/L Ang-(1-7) (Bachem, San Carlos, CA) or a synthetic peptide of ACE2 (AnaSpec Inc, San Jose, CA). The specificity of the Ang-(1-7) antibody for ICC was described previously (20) (4), but briefly it does not cross react with either Ang I or Ang II. The sequence of the ACE2 immunogenic peptide was unique to ACE2, but not ACE or the ACE2 homologue collectrin.
Sections of kidney from normal and hypertensive rats were stained with hematoxylin and eosin and examined by a board certified veterinary pathologist (Davis WP, University of New Hampshire) to determine whether RUPP animals exhibit glomerular endotheliosis, a renal characteristic of preeclampsia.
Quantification of Immunocytochemical Staining
The Ang-(1-7) and ACE2 staining was assessed as previously published (21). Each kidney was photographed using constant settings for gain, filters, light intensity, diaphragm, and condenser aperture as well as at a constant exposure of 105ms and 108 ms for Ang-(1-7) and ACE2, respectively. All photographs were taken using a Zeiss microscope equipped with an
AxioCam digital camera that transmits image data to the AxioVision software and were taken on the same day to insure that the gain was constant (5). Using anatomical landmarks, a grid composed of four regions was drawn on each kidney to ensure that photographs were taken from similar areas. Regions of the grid encompassed left, right, and two center inner cortex/outer medulla areas of the kidney. The immunostaining within the kidney tubules was determined by averaging the intensity from the left and right grid and one of the center grid regions (300-400 pixels) of the kidney of each animal. An average background level was measured based on the intensity within 3 glomeruli (300-400 pixels). Quantification completed on pictures taken at 100X contained parts of 2-4 tubules or 1 glomerulus. The corrected tubule intensity was calculated as the difference between intensity of staining in the tubules versus the glomeruli (background).
Angiotensin peptides
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Frozen kidneys were rapidly weighed, homogenized, and extracted using Sep-Pak columns as previously described (2) 
ACE2 fluorescent enzymatic assay
Frozen kidney cortex and medulla were homogenized in reaction buffer (25mM HEPES buffer, 125mM NaCl, 10MM ZnCl 2 ; pH 7.4) using a TissueLyser. Homogenates were placed in a centrifuge and spun at 2,500g for 5 minutes. The supernatant was spun at 28,000g for 10 I Ang-(1-7) as previously described (10) . A highly significant correlation (r=0.77, p<0.01) was found between the two methods evaluating ACE2 activity in virgin (n=4) and pregnant (n=5) kidney cortex samples.
Statistical Analysis
Comparisons between virgin and pregnant animals were analyzed by one-way ANOVA The condition of increased Ang-(1-7) and ACE2 in the kidney during normal pregnancy starts by mid gestation and is sustained during late pregnancy. This time frame is consistent with the remarkable cardiovascular adaptations, including hypervolemia resulting from fluid retention, increased cardiac output and a decreased total peripheral resistance (9). However, somewhat paradoxically pregnancy is also associated with increased diuresis, as evidenced by the 115% increase in urine volume by the 19 th day of pregnancy as compared to virgins.
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Because Ang-(1-7) is not a dipsogenic stimuli (11) , it is likely that the major homeostatic influence on water balance by Ang-(1-7) resides in the kidney. Several studies showed that Ang-(1-7) has diuretic and natriuretic actions in normal volemic animals that are independent of renal blood flow and glomerular filtration rates (7) (16). These diuretic actions of Ang-(1-7) contrast with the observation that Ang-(1-7) is a potent antidiuretic peptide in volume expanded male rats (28) and the report that Ang-(1-7) stimulates vasopressin release (29) . Because pregnancy is well documented to be a condition of hypervolemia, the antidiuretic actions of Ang-(1-7) may come into play in mid-to-late pregnancy and elicit responses similar to those observed in the state of water loading.
Ang-(1-7) increases the glomerular filtration rate (18) and dilates renal afferent arterioles through nitric oxide release (26) . Although the systemic hemodynamic role of Ang-(1-7) in pregnancy has not been determined, pregnancy increases the vasodilator response of Ang-(1-7)
in mesenteric resistance vessels (25) which is consistent with Ang-(1-7) contributing to the decreased total peripheral resistance and counterbalancing the actions of Ang II.
The increase in intensity of staining of Ang-(1-7) and ACE2 together with increased kidney Ang-(1-7) peptide concentration and ACE2 activity in pregnancy as compared to the virgin level is consistent with our earlier findings that both urinary excretion and kidney content of Ang-(1-7) were increased at the 19 th day of pregnancy (5) (25). The finding that both Ang II and Ang-(1-7) increase at the 19 th day of pregnancy suggests that an increase in substrate (Ang II) may be involved in the increase of Ang-(1-7). These findings support our hypothesis that the Ang-(1-7) increase is mediated by up-regulation of ACE2. However, the ratio of Ang II/Ang-(1-7), which is sometimes used as an index of ACE2 enzymatic activity, remained unchanged during pregnancy revealing its limitation in assessing enzymatic activity throughout pregnancy.
Since ACE2 is co-localized with Ang-(1-7) in tubules of the inner cortex/outer medulla and there is a similar increase in the profile of the two throughout pregnancy, our findings suggest that ACE2 may be critically involved in the formation of Ang-(1-7) in this region during pregnancy. The broader distribution of ACE2 in the outer cortex without Ang-(1-7), as first shown in our earlier publication (5) and confirmed in these studies, suggests an ACE2 activity that may be independent of Ang-(1-7) in the outer cortex. Possible candidates to consider for ACE2 substrate are Ang I to Ang-(1-9) without a subsequent conversion to Ang-(1-7) and/or apelin and dynelin A This is the first study that demonstrates that ACE2 activity is upregulated in the kidney in pregnancy and would be consistent with estrogen having a role in the upregulation of the ACE2
gene. The ACE2 gene has 2 putative estrogen response elements (17) but few studies have evaluated the functionality of this regulation. Recent studies consistent with the upregulation of ACE2 were described by Grigore et al showing that in female offspring of intrauterine growth restricted mothers, ACE2 activity increased 6-fold while in male offspring, ACE2 activity decreased 6 fold (15). Also, estrogen treatment was found to be associated with up-regulation of renal ACE2 and protection from renal damage in the renal wrap model of hypertension (19) .
The gradual increase in estrogen found in the present study (Table 1) , while correlative, supports the idea that the increased ACE2 is mediated by increased estrogen. Our current study suggests that ACE2 activity may be responsive to estrogen which increases over the time course of pregnancy. These studies do not eliminate the possibility that progesterone could also be involved in ACE2 gene regulation, since it also increases during the time course of pregnancy.
Studies evaluating the role of specific hormones on ACE2 mRNA regulation are warranted in normal and hypertensive pregnancy.
Our studies provide evidence for the first time that the RUPP preeclampsia model is characterized by the failure to increase Ang-(1-7) in the kidney. Previous reports from our laboratory also demonstrated reduced circulating levels of Ang-(1-7) in human preeclamptic pregnant subjects (22). The increase in blood pressure in the RUPP with the reduction in intrauterine growth restriction is consistent with the model as described by Granger et al (13) . In RUPP animals, Ang-(1-7) immunostaining and concentration as determined by RIA were decreased with no change in ACE2 immunostaining or activity. This mismatch in regulation of ACE2 activity and peptide product suggests that there may be other Ang-(1-7)
forming enzymes that may be downregulated or Ang-(1-7) degrading enzymes that my be upregulated in the RUPP animals, and these may be responsible for the decreased Ang-(1-7) content ( Figure 6 ). A candidate Ang-(1-7) generating enzyme for consideration is neprilysin (NEP) since the Ang (1-7)/Ang I ratio was decreased in RUPP animals suggesting that decreased Ang-(1-7) in the RUPP could result from decreased NEP. NEP has also been shown to be present in the kidney and to be involved in the generation of Ang-(1-7) in the brush border (3).
Recent studies (24) have demonstrated that kidney NEP is unresponsive to estrogen replacement.
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No studies, however, have been conducted evaluating the regulation of NEP during pregnancy or in RUPP animals. A candidate for Ang-(1-7) degrading enzyme for consideration is ACE which has been demonstrated to be present in the kidney and to be downregulated by estrogen (12) . A downregulation of ACE would lead to increased Ang-(1-7) while an upregulation of ACE would lead to decreased Ang- (1-7) . In the present study, RUPP animals exhibited lower levels of estradiol suggesting that the decreased renal Ang-(1-7) could result from an upregulation of ACE. Either of these enzymes, NEP or ACE, could be regulated in the RUPP and participate in reduction of Ang-(1-7) content.
In the present study, RUPP animals exhibited lower estradiol levels as compared to normal 19 day pregnant rats. Studies in humans demonstrate that serum estradiol values after 34 weeks gestation were significantly lower in preeclamptic women as compared to normal controls (27) . Salas et al (27) suggest that the relative fall in estradiol concentration may be due to altered 
